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INTRODUCTION 
The drying-rate equations have been studied dividing the drying period into constant-
and falling-rate periods and the diffusion coefficients of moisture in foods which can be 
assumed as being infinite slab were calculated by several researchers, 1 - 6 ) but the drying 
mechanisms of foods are generally rather intricated. For the design of various drying 
apparatuses, we must take approximating drying-rate equations which are based on 
simple drying models. 
In a previous paper,7l we studied the drying-rate equations based on the drying-shell 
models and the calculation methods of the rate parameters in these equations. Later, 
in a following paper,8l we took up the drying-rate equations of a agar gel and carrot 
based on the drying-shell model. The drying-shell model has a undrying-core and a drying-
shell zones, and the former's and the latter's moisture contents are postulated as the 
initial and equilibrium moisture contents, respectively. These models have been used for 
the cooking or rice, udon and kishimen9 - u) as the cooking-shell models or the water-
soaking-shell models. 
In this paper, we study the another simple models (uniform drying models) which 
have uniform moisture content throughout the whole of the drying materials, and whose 
moisture content decreases from the initial moisture content to the equilibrium moisture 
content. In a previous paper, 12) we postulated simple idealized drying models of foods 
and then studied the surface-shrinkage equations. The uniform drying models in this 
paper are most simple models which can be adopted easily for the design of various dry-
ing apparatuses. 
DRYING-RATE EQUATIONS 
Fig. 1 illustrates the case of a drying spherical material. The radius, the surface area, 
the volume, the weight and the density of the spherical material in the intermediate 
state, are given asR (cm), S (cm2 ), V (cm3 ), w (g) and p (g/cm3 ). The subscripts o, e and 
d in these symbols signify the initial, equilibrium and completely drying states, re-
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spectively. 
In the intermediate state, the following equations are obtained for the spherical ma-
terial. 
Thus, we obtain the following equation by 
combining Eqs. (1) - (3). 
S =a (w/p)213 (4) 
where, a = (367T )113 = 4.8360. When, we assume 
the cubic material, a=6 is obtained. The drying-









Fig. 1. Uniform drying model for sphere. 
(5) 
Next, we assumed that the density in the intermediate state could be expressed by the 
following equation. 
(6) 
The drying-surface equation of the uniform drying models for the spherical and cubic 
materials can be written as follow by combining Eqs. ( 4)- (6). 
(7) 
In conclusion, we postulate the drying-rate equation as follows, assuming: (I) the resist-
ance of moisture internal diffusion is negligible compared to the resistance of moisture 
removal from the surface, and the rate of moisture removal from the surface seems to 
be proportional to the drying-surface area S, (2) the internal moisture distribution is 
uniform, and the surface moisture content might be correlated to the exponent of 
(w-we). 
(8) 
where, dw/d8: drying-rate of materials (g-H2 0/min), km: rate parameter of mth-order 
rate equation (g-H2 o•-m /cm2 ·min), m: order of rate equation. Thus, Eq. (8) is non-
linear in terms of the unknown, we must calculate the rate parameters km and m with a 
non-linear least square method. 
If the drying-surface area S may be correlated to the exponent of (w-w e), Eq. (8) be-
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comes 
(9) 
where, n: order of rate equation. 
For the differential analysis, Eq. (9) becomes as follows. 
In (-dw/ dB)= In (kn) + nln (w-we) (10) 
We can obtain the rate parameter kn and n in Eq. (I 0) with a linear least square method. 
However, since Eq. (10) has the differentiated value dw/dB, we must first find dw/dB 
from the data w vs. 6 before attempting the fitting procedure. When the data are scat-
tered, we can't reliably fme the derivatives needed in the differential method. Eq. (9) 
becomes as follows using the drying-ratio xw which is a covenient variable. 
(ll) 





In general, it is suggested that when the integral analysis is used these analitical in-
tegrated equations have to be tried out first, and, if not successful, an integral analysis 
by numerical integration be tried. In the numerical integral analysis a digital computer 
should be used and the rate parameters kn and n should be calculated by a non-linear 
least square method. 
If the moisture content W (g-H2 0/g-D.M.) is as follows it can be used in a similar 
manner as above. 
W=(w-wd)/wd 
dW/dB = Kn (W- We)" 
(14) 
(15) 
The rate parameter Kn in Eq. ( 15) is obtained from the rate parameter kn in Eq. (9). 
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(16) 
Eq. (15) is the same refered by Chin Shu Chen et al. 13) as empirical drying-rate equation. 
The empirical drying-rate equation of sausage drying is obtained as follows. 14l The 
theoritical and empirical drying-rate equations of grain drying have been studied under 
various drying conditionsY - 20> However, the simplified expressions as Eqs. (8) and 
(9) are adequate for our purposes. 
(17) 
EXPERIMENTAL RESULTS 
The relations of the weight of drying materials w (g) vs. drying time fJ (min) were 
measured. Tables 1 and 3-5 illustrate the experimental results. Tables 3-5 show only 
half of the observed values. The results of agar gel and carrot are the same as in the 
previous paper.8> In this present paper, the results of cooked rice were added. The 
cooked rice used here as drying sample was rice ("NAKA TE-SHINSENBON" in 197 4) 
cooked for 15 min in an electric rice-cooker. The experimental apparatus was the same as 
for the other samples. A sample of 50 cooked rice grains was put into a sample basket 
made of a wire net, and was weighed under a chemical balance set up in the upper part of 
the dryer. The observed values used in this paper are the average values. The weights of 
the equilibrium and the completely drying states of the sample, we and wd (g) were 
obtained by same methods as in the previous paper.8> 
Table 1. Experimental results 
Dry- and Wet-bulb 
Diameters Weights temperatures Air velocity 
Run Sample D0 (cmJ De(cm) wo(g) we(g) Wd(g) td(C) tW(oC) u(cm/min) 
I agar gel 1.20X1.20Xl.30 0.392X0.761XO. 761 0.950 0.0450 0.0380 40.0 25.0 3480 
2 carrot 1.28Xl.28X1.28 0.240X0.885X0.890 1.036 0.0858 0.0522 40.0 29.0 3480 
3 cooked rice 0.790X0.346X0.239 0.676X0.315X0.175 0.0376 0.0211 0.0181 50.0 23.0 3120 
Table 2. Rate parameters in Eqs.(8) and (9), and standard deviation aw(g) 
Run km m aw Run kn n aw 
1-A 0.00140 0.134 0.00649 1-B 0.00709 0.461 0.00747 
2-A 0.00117 0.057 0.00820 2-B 0.00596 0.534 0.00561 
3-A 0.1652 1.098 0.00024 3-B 0.1418 1.236 0.00028 
Run kn=1 aw Run kn=0.5 aw Run h * m k * m aw 
1-C 0.01050 0.0515 1-D 0.00730 0.00858 1-E 198 497 0.0108 
2-C 0.00822 0.0462 2-D 0.00582 0.00676 2-E 202 141 0.0081 
3-C 0.0446 0.00046 3-D 0.00412 0.00116 3-E 250 2.05 0.00016 
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The above data are half of the used data N=24 ( 8=10, 20, · · ·, 240 min) 






















































































The above data are half of the used data N=32 ( 8=10, 20, · · ·, 320 min). 
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DETERMINATIONS OF RATE PARAMETERS 
For the calculation of the rate parameters in the drying-rate equations, we used a non-
linear least square method. 21 •22) We minimized the following standard deviation aw (g) 
forw. 
(18) 
The initial values of the rate parameters km and kn were given by the difference of 
weight values from initial drying time to 60 min for agar gel and carrot and to 30 min 
for cooked rice, assuming n=m= 1.0 or n=O .5. 
The practical program and the calculated results for the Eq. (8) are shown in Ap-
pendix (used of the Computation Center of Hiroshima University: HITAC 8700-0S7). 
CALCULATED RESULTS AND DISCUSSIONS 
Table 2 illustrates the calculated results of the rate parameters km and so on. The 
Runs 1-A - 3-A in Table 2 are the results for Eq. (8) which had been postulated in con-
sideration of the drying-surface area S in the drying-rate equation. The Runs 1-B - 3-B 
are the results for Eq. (9) which had been postulated by assuming S being possibly cor-
related to the exponent of (w-we). Thr Runs 1-C - 3-C and 1-D - 3-D in Table 2 are 
the results for Eq. (9) which determined n=l and n=0.5, respectively. 
The Runs 1-E - 3-E are the results which used the following drying-rate equation 
basded on the drying-shell model. The results of agar gel and carrot were the same as in 
the previous paper. S) 
(19) 
h;!;. (cm3 -void/cm2 ·min) and ki;. (cm3 -void/cm·min) are the rate parameters related to 
a gas-film diffusion and a shell diffusion, respectively. cg and CS cg-H2 0/ cm3 -void) are the 
moisture concentrations of 
the gas-film and of the 
undrying-core surface, and 
R and re (cm) are radius of 
the material and of the un-
drying-core. 
The calbulated values of 
the weight w (g) vs. dry-
ing time () (min) for the 
rate parameters in Tabe 2 
are illustrated in Tables 3-
5, and the relations of the 
drying-rated W /dO (g-H2 0/ 
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Moisture content W(g-H2 0/g-D.M.) 
Fig. 2. Drying-rate of agar gel vs. moisture content. 
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content W (g-H2 0/g-D.M.) 
are shown in Figs. 2-4. 
0.15 ,---------------------, 
The calculated results of 
Runs 1-A-3-A for Eq.(8) 
are similar to the results 
of Runs 1-B-3-B for Eq. 
(9). From these com-
parisons, we may conclude 
that the drying-surface 
area may be correlated to 
the exponent of (w-we), 
and that the simplified Eq. 
(9) should be preferred for 
our purposes. The best ap-
proximate values of order 
n in Eq. (9) are 0.5 for 
agar gel and carrot and 
1.0 for cooked rice. Then 
the calculated value of 
Run 3-C for cooked rice is 
satisfactory, but Runs 1-C 
and 2-C for agar gel and 
carrot are not. The values 
of Runs 1-D and 2-D for 
agar gel and carrot are 
satisfactory, but Run 3-D 
for cooked rice is not. 
The results of Runs 1-E 
-2-E for Eq. (19) are sim-
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Moisture content W(g-H2 0/g-D.M.) 
Fig. 3. Drying-rate of carrot vs. moisture content. 
0.4 
' I 
Run 3-B • 
0.8 
Moisture content W(g-H2 0/g-D.M.) 
Fig. 4. Drying-rate of cooked rice vs. mois-
ture content. 
1.2 
2-A and 1-B- 2-B for Eqs. (8) and (9), respectively, but the 
20 
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result of Run 3-E is not similar to the results of Runs 3-A and 3-B.
 The drying phenome-
na of the samples are complicated, and can't apply exactly to the 
uniform drying model 
either. 
The drying-surface area ratio S/S0 (-) of agar gel for Runs l-A and 
1-E is shown in Fig. 
5. The observed values of the drying-surface area in Fig. 5 were 
measured by photo-
graphy. In Fig. 5, the calculated results of Run 1-E for the drying-s
hell model are better 
than those of Run l-A for the uniform drying model. The reason 
is that Eq. (7) for the 
drying-surface area used in the uniform drying model is merely an
 assumed simple equa-
tion. While the calculated results for the uniform drying model are
 the same as those for 
the drying-shell mode, the drying-rate equations based on the for
mer model are better 
than the equation based on the latter model, the former equatio
ns being simpler than 
the latter. 
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RESULTS 
The drying-rate equations based on the 
uniform drying models were postulated, and 
the rate parameters in the drying-rate equa-
tions of agar gel, carrot and cooked rice were 
determined. From the comparison of the 
calculated results, we concluded that the 
drying-surface area S might be correlated to 
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tent (w-w e), and that the order of the dry- o 
ing-rate equations which are postulated by 
assuming that S might be correlated to 
(w-we), is 0.5 for agar gel and carrot and 1.0 




0.2 0.4 0.6 0.8 1.0 
Moisture content ratio WJW0 (-) 
Fig. 5. Drying-surface area ratio of agar 
gel. vs. moisture content ratio. 
The calculated results of agar gel and carrot for the uniform drying model were similar 
to those for the drying-shell model examined in a previous paper. For such results, the 
former model is better than the latter one as the former is less intricated. 
SUMMARY 
In order to design and automatically control various drying apparatuses, it is required 
to determine the simple approximated drying-rate equations and to obtain the rate 
parameters for the equations. 
In a previous paper, we studied the drying-rate equations based on the drying-shell 
models. In the present paper, we postulated the drying-rate equations based on the uni-
form drying models, and calculated the rate parameters in the drying-rate equations of 
agar gel, carrot and cooked rice. 
We studied the drying-rate equations which are postulated by the consideration of the 
drying-surface area S and by assuming that S may be correlated to the exponent of un-
disappeared water content (w-we). From the comparison of the calculated results, we 
concluded that S might be correlated to the exponent of (w-we), and that the order of 
the drying-rate equations which are postulated by assuming that S might be correlated to 
(w-we), is 0.5-1.0 for the used samples. 
The cal~ulated results of agar gel and carrot for the uniform drying model were similar 
to those for the drying-shell model described in a previous paper. For much results, 
former model is better than the latter one as the former is less intricated. 
NOTATIONS 
km, Kn and kn: rate parameters in drying-rate equations (g-H2 o•-m /cm2 ·min), (g-
H2 0 1 -n/min·g-D.M· 1 -n) and (g-H2 0 1 -n/min) 
m and n : order in drying-rate equations (-) 
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S, V, W, w and xw: drying-surface area, volume, moisture content, weight and drying-ratio 
of sample ( cm2 ), (cm3 ), (g-H2 0/g-D.M.), (g) and (-) 
dW/d8 and dwjde: drying-rate of sample (g-H2 0/min-g-D.M.) and (g-H2 0/min) 
8 : drying time (min), p: density of sample (g/cm3 ) 
Subscripts; 
o, e and d: initial, equilibrium and completely drying states 
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APPENDIX 
C MAIN PROGRAM 
C ESTIMATIONS OF NONLINEAR PARA~lTERS 
C IN ORDINARY DJFFfRENTIAL EQU.TIO~S 
C USING SUBROUTINE HISENS BY K.~u~rTA, 
C IN SHOKUHIN KQGA~U, P,l74 CKYQRJTSUol9751 
C N=o L= AND K:, NUMBER OF EXPlqJMENTAL POINT, PA~AMETER AND ITERA-
C TION, NT=, IT= Af\!0 KT:, MAXJ.'1UM 1\iUt-lBER 01 ~~, L At.~l K. 
C MY= AND MX:, NUMBER OF DEPENDE~T AND INDEPENrENT VA~I-
C ABLESo MYT: AND MXT=, MAX!MU'~ ~U~RER OF "Y A'J') MX 
C y(MYoN): A~O X(MioNI:o DEpENDENT A~D INOFPLND~~T VANIA~L[5 
C A(L,KI=o PAqAMETfRS 
C SDcKI=o STANDARD DEVIATION 
C DYCCMYoNoKI=, DIFFERENTIAL VALUES QF Y((MY,NoKI RY X(MX,NI 
C YCCMY,N,K>=• CALCULATED VALUES Of YCMYoNI 
C Kl=KT+l• SETTING NUMBER OF J~JTJAL POINT 








888 REA0!5o!OI ~Y,MXoNoL 
IF!NI 999o9Q9,777 







DO 40 1=1oMY . 
40 OYA<I>=<Y<l•li-YA<III/IX<l•ll-XAl 
WRITE(6,701 <DYA!IIoYA<I~ol=loMYioXAoHXolE 
DO 100 l=lolli 
00 100 J=loMY 
100 W!Joli=!.O 













110 WRITEC6o80I ILL 










WRITE!6o94) KoHM!KI fi.IS!K I, I AI l•KI •I =l•L I oSD!KI 




GO TO 555 
444 REAOI5ol01 MY,MXoNol 
IF!NI 999o999o333 

















130 WRITE!6o80l ILL 









WRITE I 6 o92 I 
WRITE!6o941 KoHMIKioHS!Kio!AI(oKlol=l•LloSOCKl 




GO TO Ill 
999 STOP 
10 FORMAT(4141 
!Drying-rate Equations based on Uniform Drying Models 
20 FORMATC!OFB.Ol 
30 FORMATCBFJO.Ol 
50 FORMATCIHJ,3HMY=, [4o5X,3HHX•ol4,5X,2HN=oi4,5X,;>HL=• 14) 
60 FORMATCJH0•8HYCMYoNl•/ClH •5E13.5ll 
61 FORMATCJH0,8HXCMX•Nl:/C1H .~E13.5ll 
62 FORMATC1H0,!5HWO,WEoWO,RO,RE•I1H .~E13,5l 




90 FORMATClH0,2HK•IlH •25HHMCKl•HSCKloACL,~l,SDCKl•l 
91 FORMATC!H ,4H OIC1H ,5E)3,5)) 
92 FORMATC1H ,JlHYCCMY•NoKl•/lH ,12HDYCCMY,N•K>•> 
93 FORMATC!H ,5E)3.5) 











1.L.LE.20.0R.L.LT.L1,QR,KT.LT.K1.0R.EPS.GE.o.o> GO TO 200 
!LL•30000 





DO 10 !A=1•L 
10 AC!AoKll•AI!A,ll 
888 CALL SUBCOYC,yC,XoAoMYoMYToMX 1 MXToN 1 NToLoLT,KoKT,K!oDYY,YYo 
lAA,Q,QYSoYSoOYAoYAoXA,HXoO!FEQ,JLL> 
l~CILL> 300o400o300 
300 !FCSOSI 999o999o700 
400 0•0,0 
DO 20 1•1oN 






DO 30 l•loN 




00 21 IA=1•L 
21 AI IAoKll•ACIA.l> 
GO TO 777 
bOO IF<505-S01Kl) 700•BOOo800 
700 HSIKI•HS<KI*HS5 
!FCH5T-H5CKll 666,999o999 





00 40 JA•1,L 
40 A(JAoK)•AC !AoK-l> 
00 50 1=1oN 
DO 50 J•loMY 
50 YC51JoloL1>=YCIJoloK-11 
777 OD 60 IA=1oL 
AST=AIIAoKl 
HAC !AI•AC IAoK)liHAA 




1000 00 70 !=IoN 





DO 80 !A1=1•L 
DO 80 !A2•l•L 
00< 1Alo!A2l•O.O 
DO 80 I=loN 
DO 80 J:1,HY 
80 DDI!Alo!A2>•DOC!A1o!A2l+YCSCJ,!o!A1l*YCS<J,Jo1A2l 
1MWIJo I lH2 
DO 90 !A•loL 
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DDCJA,JAl=DDCIA•lAl»C1,0+HMCKll 
DDC JA,LPl=O .0 
DD 90 1=1•N 
DO 90 J=1.MY 
90 DDCIA,LPl:OU(IAoLPJ•YCSCJoloiAl*IY(Joii-YC~(JoloLIII 
llfWCJo I 1**2 
IHL-11 999o333o222 




1100 DD 110 IA=1oL 
AS( IAJ=AC IA•KI 
110 ODSC IAI=DDI IAoLPI 
666 DO 120 IA=1•L 
DO( IA,LPI=DDS( IAilfHSCKI 
120 A( IA•Kl=ASI IAI+ODC JA,LPI 




C GAUSS-JORDAN METHOD 
DIMENSION ACNT,NT1l 
























IFCK1,GT.NI GO TO 14 
DD 11 I=K1,N 
IFCABSCACJ,KIJ,LE.BIGJ GO TD 11 
BIG=ABSCAC loKI I 
I P: I 
CONTINUE 
IF!BIG.GE.EPSI GO TO 12 
ILL=1000 
GO TO 999 
IFCIP,EQ.KI GO TO 15 





DO 20 J=KJ,N1 
A(K,JI=A!K,JI/W 
DU 30 !=IoN 
IFC I.EQ.KI GO TO 30 
W=AiloKI 









CALCULATION OF EQUATIONS FOR SIMULATION 
DIMENSION OYCCMYToNT,K1J,YCCMYTo~ToK1l•X<MXT,NTioACLT,Kll• !DYY!MYT I oYYCMYTI oAAILTI ,Q(MYTI •DYSI MYT I •YS!~YT I oUYA!MYT I ,YA I MYT I 
XX=XA 
DO 100 1=1.L 
AA! I l=AC loKI 
DO 200 1=\,MY 
DYY! I I=DYA( I I 
YYCil=YAIII 
Q I I I= 0. 0 
00 300 1=1•N 
IFIXX-X!1olll 400o500o500 




IF! ILLI 999o700o999 
I~!XX-X!lolll 400o500,500 















































DO lOO I•loMV 
T< ll•P(J+2)110V( ll-Q( I) 






CALCULATION OF ORDINARY DIFFERENTIAL EQUATIONS 
DY<MYl= DIFFERENTIAL VALUES OF V<HV) BY X 
Y!MV): DEPENDENT VARIABLES 
Xs INDEPENDENT VARIABLE 
A<Ll= PARAMETERS 
CALCULATION OF DY<MVl=-A<lliiSII(V(MVl-VElii!IA(2) 
COMMON WOoWEoWDoRO,RE,ROUOoROUEoVE 
DIMENSION DV<MVTloY<MYTloAlLTl 













CALCULATION DF ORDINARY DIFFERENTIAL EQUATIONS 
CALCULATION OF DY(MYl=-A<lliiSII!Y(MVl-YEl 
COMMON WOoWEoWDoROoRE,ROUO~ROUEoYE 
DiMENSION DY<MYTloV<MYT)oA!LTl 












MY• MX• N• 24 L• 2 
Y!MYoN)• 
0,89000E 00 0.82500E 00 o.76500E 00 o.11oooE oo 
0,60000E 00 o.54oooE 00 o.4BOOOE 00 o.43000E OD 
0,34000E 00 0.30400E 00 o.z7oooE 00 o.24oooE 00 
O.l7500E 00 0 .l5000E 00 o.l3oooE oo O.llOOOE 00 
0.75000E-Ol 0.65000E-Ol o.55000E-Ol o.sooooE-ol 
X!M)(oNl• 
O.lOOOOE 02 o.zooooE 02 Q.30000E 02 0·40000E o2 
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均一乾燥モデルに基づく乾燥速度式に関する研究
久保田清・鈴木寛一・保坂秀明・細川嘉彦・弘中和憲
各種の食品乾燥装置を設計し，制御化などを行なっていくためには，簡単な乾燥モデJレに基づいた乾燥
速度式を設定し，それに含まれる速度パラメータを求めていくととが必要である。
既報7)において，殻状乾燥モデノレに基づく乾燥速度式の設定について報告してきた。本報は，均一乾燥
モデJレに基づく乾燥速度式を設定する研究を行ない，寒天，にんじんならびに炊飯米を例として速度パラ
メータを算出して，両乾燥モデ、ノレの適用性について検討したものである。
均一乾燥モデJレlζ基づく乾燥速度式として，乾燥表面積を簡単な近似式で仮定して表わした場合と，そ
れが未消失合水量のべき乗で関係づけられるとした場合とを仮定した。両者の計算結果はよく似た結果に
なり，乾燥装置の設計などに対しては簡単なだけ後者が有用と考えられた。乾燥速度は，寒天とにんじん
では，未消失含水量のほぼO.5乗に，炊飯米ではほぼ1.0乗に比例する結果が得られ，乾燥速度式におけ
未消失含水量のべき乗値は試料により著しく異なる結果になる乙とが分った。
既報の殻状乾燥モデJレと本報lζ示した均一乾燥モデノレによる計算結果を比較した結果，寒天およびにん
じんでは大変よく似た結果が得られた。乾燥機構が明確でなく，よく似た結果が得られる場合には，取り
扱いが簡単となる後者が有用と考えられる。
